Background: NR5A nuclear receptors are important pharmaceutical targets with poorly understood ligand regulation. Sequence divergence has potentially altered their ligand response in model organisms. Results: Sequence divergence has differentially impacted ligand binding and protein dynamics in NR5A orthologs. Conclusion: Mouse LRH-1 is a phospholipid-responsive receptor, whereas Drosophila NR5A2 is not. Significance: Mice are viable therapeutic models for LRH-1-dependent diseases.
The human liver receptor homologue-1 (LRH-1; 3 NR5A2) is a member of the NR5A class of NRs that regulate the expression of genes central to embryonic development, cell cycle progression, reproduction, and lipid homeostasis (1) in response to activating PLs (2) . This family includes steroidogenic factor-1 (SF-1; NR5A1) and Drosophila melanogaster fushi tarazu factor 1 (Ftz-F1; NR5A3). SF-1 plays a role in steroidogenesis and the proper development of the testes and adrenal glands (3, 4) , and the founding member of the family, Ftz-F1, controls segmentation in flies (5) .
LRH-1 plays a crucial role in early embryonic development as it is required to maintain Oct4 expression in undifferentiated embryonic stem cells (6 -10) , which renders LRH-1 knock-out mice unable to progress past embryonic day 6.5 (11) . Beyond development, overexpression of both LRH-1 and SF-1 drives the reprogramming of murine somatic cells to pluripotent stem cells without requiring simultaneous overexpression of Oct4 (12) . LRH-1 overexpression appears to drive the expression of Nanog and works synergistically with other well known factors, such as Sox2 and Klf4, to mediate cellular reprogramming (12) . In fact, LRH-1 has been implicated as a new stem cell factor because it is the only protein discovered to date that can replace Oct4, which until now was considered absolutely required to manipulate cells into a pluripotent state (6) .
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Although the endogenous ligand for hLRH-1 is currently unknown, Lee et al. (21) recently showed that LRH-1 is specifically activated by the exogenous medium chain phosphatidylcholine isoforms, diundecanoyl (DUPC, PC 11:0/11:0) and dilauroyl (DLPC, PC 12:0/12:0) phosphatidylcholine. These medium chain PC agonists increase the ability of LRH-1 to interact with coactivators and reduce blood lipid and glucose levels in diabetic mice in an LRH-1-dependent manner (21) . We have shown that DLPC is able to bind to the LRH-1 ligand binding domain (LBD) and activate the receptor by altering receptor dynamics at both an alternate activation function surface and the canonical activation function helix (AF-H) (18) .
The alternate activation function region in hLRH-1 is composed of residues 398 -421 and makes direct contact with bound PLs. We showed that the dynamics of this region are coupled to ligand binding and that restricting motion in this region ablates receptor activation (18) . Orthologs of hLRH-1, such as mLRH-1 and dmFTZ-f1, have evolved divergent sequences in this region potentially altering ligand binding and response.
Indeed, mLRH-1 showed no evidence of PL binding in crystal structures as a direct result of this late evolutionary adaptation, which resulted in six amino acid substitutions within the alternate activation function that presumably stabilizes the ligand binding pocket (LBP) in the absence of ligand (17, 18) . Surprisingly, the AF-H of apo mLRH-1 was in the active conformation despite the presence of a large empty LBP (22) . Subsequent mass spectroscopy analysis showed that mLRH-1 is capable of binding to PCs; however, PL binding was reduced when compared with human NR5A receptors (22) . In line with these results, humanization of mLRH-1, by reversing a key sequence substitution in the alternate activation function region, increased sensitivity to PL regulation, suggesting that the mechanism for PL-driven activation has diverged in rodents (22) . Placement of the derived rodent sequence in hLRH-1 slightly reduced PL binding and minimally impacted transactivation in HeLa and MCF-7 cells, yet reduced transactivation when transiently overexpressed with SRC-2 and SRC-3 when compared with wild-type hLRH-1 (23) . Recent work, however, has shown that mLRH-1 is as robustly activated by DLPC as the human receptor (21) . These conflicting observations highlight the need to understand the structural mechanism allowing such a divergent sequence at the alternate AF to support PL-driven regulation (22) (23) (24) (25) (26) .
Mice serve as an important model system to study stem cell biology and both normal and aberrant hepatic biology including biliary cirrhosis, lipid dysregulation, and diabetes. Flies serve as powerful developmental models. Because both models are used to study LRH-1 biology, it is critical to determine how LRH-1 orthologs differentially interact with PLs. To address this, we used biochemical assays and mass spectrometry to show that mLRH-1 binds to PLs, whereas FTZ-f1 does not, suggesting that mLRH-1 is PL-regulated, whereas FTZ-f1 is ligand-independent. To isolate the effects of the rodent-specific sequence adaptations, we tested the ability of a variant form of LRH-1, mouse-loop LRH-1 (mlLRH-1), to interact with co-regulator peptides both in the absence and in the presence of bound PLs in vitro. Further, we determined the structure of the apo mlLRH-1 variant to 2.75 Å resolution. Finally, we used hydrogen deuterium exchange coupled with mass spectrometry (HDX-MS) to show that the mouse-loop sequence stabilizes the alternate activation function surface and AF-H in the absence of PL, whereas only minimally impacting PL binding.
EXPERIMENTAL PROCEDURES
Reagents-Chemicals were purchased from Sigma, Fisher, or Avanti PLs. pMALCH10T and the vector for His-tagged tobacco etch virus were a gift from John Tesmer (University of Texas at Austin). pLIC_MBP and pLIC_HIS were gifts from John Sondek (University of North Carolina at Chapel Hill). Peptides were synthesized by Synbiosci (Livermore, CA).
Protein Expression and Purification-The hLRH-1 and mlLRH-1 LBDs, residues 291-541, were purified as described previously (23) . Pure mlLRH-1 LBD was dialyzed against 100 mM ammonium acetate (pH 7.4), 1 mM DTT, 1 mM EDTA, and 2 mM CHAPS and concentrated to 3-5 mg/ml prior to crystallization. The dmFtz-F1 LBD, residues 791-1025, and mLRH-1 LBD, residues 320 -557, were cloned into the pLIC_MBP vector C-terminal to a cassette containing a His 6 tag, maltosebinding protein (MBP), and a tobacco etch virus protease cleavage site. The fusion proteins were expressed in BL21(DE3) pLysS cells using standard methods and purified using affinity chromatography with tobacco etch virus cleavage of the fusion partners.
Structure Determination-Crystals of mlLRH-1 LBD were grown by hanging drop vapor diffusion at 22°C from solutions containing 0.75 ml of protein at 6.5 mg/ml protein and 0.75 ml of the following crystallant: 9.5-15% PEG 3350, 5% glycerol, and 50 mM Bis-Tris, pH 6.4. Crystals were cryoprotected in crystallant containing 20% glycerol and flash-frozen in liquid N 2 . Data to 2.75 Å resolution were collected at 100 K at the South East Regional Access Team (SER-CAT) at the Advanced Photon Source (Argonne, IL) and were processed and scaled with HKL2000 (see Table 1 ) (27) . Initial phases were determined using the structure of the mLRH-1 LBD (1PK5) as a molecular replacement search model (17) . The crystals were pseudo-merohedral twins with a twinning fraction of 45%, and the data were de-twinned using the -h, l, k operator in Detwin (28) . The structure was refined using the REFMAC5 within CCP4 suite of programs (28, 29) , and model building was performed in COOT (30, 31) . The final model contains two mlLRH-1 LBD monomers (residues 300 -528) and exhibits good geometry (32) . Two loops (H2-H3 residues 332-337 and H11-H12 residues 528 -530) displayed poor density, presumably due to high disorder, and were omitted from the final model. The R factor values for the final model are 22.4% and 25.7% for R and R free , respectively. MolProbity was used for model validation, indicating that 95.3% of the residues fall in the most favored regions of the Ramachandran plot and none fall in disallowed regions. The overall MolProbity score was 2.51, placing mlLRH-1 in the 91st percentile for overall geometric quality among protein crystal structures of comparable resolution (33) .
Mass Spectrometry-Samples were analyzed using electrospray ionization in the negative-ion mode to detect and identify PLs. Approximately 6 mg of wild-type or mutant forms of LRH-1 LBD and Ftz-F1 LBD was extracted with a 2:1 chloroform/methanol solution, diluted in 200 l of chloromethylene, and analyzed by negative ion electrospray injection mass spectrometry (ESI/MS) on a Thermo LTQ Fourier transform mass spectrometer using direct injection analysis with electrospray ionization (Thermo Finnigan). All extractions were performed in duplicate. The high-resolution analyses were performed in the Fourier transform mass spectrometer at a resolution of 100,000 at 400 m/z. The MS/MS experiments were done in the ion trap portion of the instrument with a mass selection of 3 atomic mass units and a normalized collision energy of 30 V. The major PL species were identified by accurate mass measurements and MS/MS via collisional-induced dissociation, which yields product ions characteristic of the head groups and attached fatty acids. Acquisition and analyses were performed using the Analyst QS software for this instrument.
Phospholipid Quantification-Preceding PL quantification, 1 mg of protein was digested by 0.45 ml of 8.9 N sulfuric acid at Ͼ200°C for 25 min in glass tubes. Tubes were allowed to cool before the addition of 150 l of hydrogen peroxide. Tubes were again heated to Ͼ200°C for 30 min. 3.9 ml of deionized water and 0.5 ml of 2.5% ammonium molybdate(VI) tetrahydrate were added, and tubes were vortexed five times each followed by the addition of 0.5 ml of 10% ascorbic acid solution and vortexing. Tubes were capped and heated at 100°C for 7 min and then allowed to cool before determining the absorbance of each of the samples at 820 nm. All experiments were performed in triplicate and scaled to hLRH-1.
Generation of Apo LRH-1-Apo LRH-1 and mlLRH-1 were generated using published protocols (18) . Briefly, pure protein was subjected to chloroform:methanol extraction (2:1) to remove bound lipids according to the Bligh and Dyer method (34) . The resulting pellet containing denatured protein was washed three times with chloroform to remove any trace lipids associated with the protein or vessel. The resulting white pellet was then dried by evaporation and resuspended in 6 M guanidinium HCl. Empty protein was then refolded by fast dilution into a buffer containing 10 mM K 2 HPO 4 , 100 mM Tris (pH 7.4), 1 mM EDTA, and 500 M cetyl trimethylammonium bromide at 4°C. After ϳ20 h, protein was then concentrated and purified by size exclusion chromatography to ensure a homogeneous population of refolded receptors.
Cofactor Binding Assays-The polarization of fluoresceinlabeled peptides derived from SHP NR box 1 ( ϩ H 3 N-QGAASR-
Ϫ ) was monitored with a BioTek Synergy 4 spectrophotometer with polarizers (Winooski, NJ) as a function of protein concentration. Experiments were conducted in 150 mM sodium chloride, 20 mM Tris-HCl (pH 7.4), and 5% (v/v) glycerol. All experiments were done in triplicate, and data were fit with Prism 5 (GraphPad) by the linear leastsquares methods to a single site binding model.
Hydrogen-Deuterium Exchange Mass Spectroscopy-Solution-phase amide HDX was carried out with a fully automated system as described previously (35) . Briefly, 4 l of protein was diluted to 20 l with D 2 O-containing HDX buffer and incubated at 25°C for 10, 30, 60, 900, or 3,600. Following ion exchange, back exchange was minimized, and the protein was denatured by dilution to 50 l in a low pH and low temperature buffer containing 0.1% (v/v) TFA in 5 M urea (held at 1°C). Samples were then passed across an immobilized pepsin column (prepared in-house) at 50 l min Ϫ1 (0.1% v/v TFA, 15°C); the resulting peptides were trapped on a C8 trap cartridge (Hypersil Gold, Thermo Fisher). Peptides were then gradienteluted (4% (w/v) CH 3 CN to 40% (w/v) CH 3 CN, 0.3% (w/v) formic acid over 5 min, 2°C) across a 1 mm ϫ 50-mm C18 HPLC column (Hypersil Gold, Thermo Fisher) and electrosprayed directly into an Orbitrap mass spectrometer (LTQ Orbitrap with electron transfer dissociation, Thermo Fisher). Data were processed with in-house software and visualized with PyMOL (Schrödinger, LLC). To measure the difference in exchange rates, we calculated the average percentage of deuterium uptake for apo mlLRH-1 LBD following 10, 30, 60, 900, and 3,600 s of on exchange. From this value, we subtracted the average percentage of deuterium uptake measured for the apo hLRH-1 LBD. Negative perturbation values indicate that exchange rates are slower for these regions within apo mlLRH-1.
RESULTS
Overall Structure-Although nearly all the residues contacting bound PLs are conserved in the LRH-1/SF-1 family, residues 419 QAGATL 424 in hLRH-1 are replaced by 438 HTEVAF 443 in mLRH-1 as a result of a late evolutionary divergence in the rodent lineage (see Fig. 3D ) (22) . This six-amino acid replacement creates a salt bridge between the H7 and H11 at the opening of the LBP, which presumably precludes the binding of PL as observed in hLRH-1 and SF-1 (17, 24) . In line with this hypothesis, removal of the H7-H11 salt bridge, via an E440G mutation in mLRH-1, enhanced sensitivity to PL levels (17, 24) . To investigate the role of these rodent-specific residues in PL binding, we crystallized the LRH-1 LBD with this six-residue replacement, termed mlLRH-1 (23), and determined its structure to 2.75 Å resolution (Table 1, Fig. 1A) . The mlLRH-1 LBD crystallized with two molecules in the asymmetric unit in the P2 1 2 1 2 1 space group. Previous studies showed that the mlLRH-1 LBD contains abundant phosphatidylethanolamine and phosphatidylglycerol species ranging in acyl tail length from C14 to C20, which fortuitously co-purify from Escherichia coli (23) . We again confirmed the presence of PLs using mass spectrometry, which showed strong peaks for several PL isoforms (Fig. 1B) . Despite the presence of bound E. coli PLs and coactivator pep-tide in the crystallization conditions, electron density for either bound PL or coactivator peptide was not evident. To confirm that PL was absent in the crystal structure, we modeled a C16: 1-C18:1 phosphatidylethanolamine in the LBP. Clear negative F o Ϫ F c electron density was observed encompassing the modeled phosphatidylethanolamine backbone, confirming that the mouse-loop structure is free of bound PLs (Fig. 1C) .
As was observed for the mLRH-1 structure (1PK5), the mlLRH-1 AF-H adopts the active orientation, and the opening of the LBP appears "closed" with a 2.9 Å ionic interaction between residues Glu-421 and Lys-520 blocking access to a well defined internal cavity with a volume of ϳ941 Å 3 . The side chain of Glu-421 occupies the equivalent position of the lipid phosphate moiety in the hLRH-1-PL complex, and the phenyl ring of Phe-424 occupies the same space as the phosphoglycerol backbone (Fig. 2, A and B) . A similar closed conformation was observed in a recent structure of the hLRH-1 LBD bound to a small molecule agonist (36), although by a completely different mechanism. Here, Gln-419 H-bonds with the backbone amide of Phe-342 to bridge H6 and H3 rather than the H6-H11 interaction facilitated by the mouse-loop substitutions (Fig. 2C) . Thus, the rodent-specific substitutions appear to stabilize this closed conformation of the LRH-1 LBD without the requirement for a small molecule ligand.
Apo mlLRH-1 Adopts a Destabilized Active Orientation-The residues located in the loop preceding the AF-H are known to play a critical role in NR activation, and mutations in this region dramatically alter co-regulator recruitment (17, 23, 37) . In the mlLRH-1 structure, there is no interpretable electron density for the H11-H12 loop preceding the AF-H (Fig. 1D ). This is mirrored in the structure of mLRH-1, which shows discontinuous electron density in the pre-AF-H loop and roughly 2-fold higher B-factors (ϳ80 Å 2 versus 45 Å 2 for all protein atoms) in this region (17) . Thus, this region is destabilized in the absence of ligand. Although this disorder does not displace the AF-H, it likely represents the structure of a "destabilized agonist" conformation previously observed in NRs when complexed with weak competitive antagonists (38 -40) .
Sequence Divergence Allows NR5A Receptors to Adopt Multiple Conformations to Achieve the Active State-Because the Drosophila ortholog of LRH-1, Ftz-f1, also displays sequence divergence in the alternate activation function region (Fig. 3D) , we analyzed the dmFtz-F1 (NR5A3) crystal structure (Protein Data Bank (PDB) ID: 2XHS) (41) . Interestingly, Ftz-F1 also crystallized in the active orientation without evidence for PLs in the LBP. Instead, residues in the ␤1-␤2 and H6-H7 region adopt an unprecedented conformation that turns 90°inward toward the ligand pocket, filling the cavity occupied by PL in the human NR5A receptors (Fig. 3, A-C) .
We have previously shown that flexibility in this region is important for hLRH-1 activation (18) . Given the mobility of elements comprising this "wall" of the LBP among NR5A receptors and the fact that crystallization selected for an empty population of mlLRH-1 receptors, it is possible that crystallization also selected for apo Ftz-f1. We therefore asked whether mLRH-1 and Ftz-F1 are able to adjust their conformation to bind PLs when expressed and purified from E. coli.
Do mLRH-1 and Ftz-F1 Bind PLs despite Their Ability to Crystallize Empty?-Using mass spectrometry, we discovered that indeed E. coli-expressed recombinant mLRH-1 binds to phosphatidylglycerol (PG) with the most abundant isoforms being PG(18:1/18:1) and PG(18:1/16:1) (Fig. 4A) . Mass spectrometry also detects peaks in the 500 m/z range; however, these peaks do not represent PLs, and the collision-induced decomposition analysis reveals that these peaks likely represent an unknown cyclic compound. Attempts to identify this compound were unsuccessful. Recombinant Ftz-F1, however, showed no detectable PL binding (Fig. 4B) . Two low abundance peaks with an m/z of 529 and 617 were present in the Ftz-F1 MS data at ϳ0.5% of the signal observed for the major peaks in the mLRH-1 spectra. These peaks do not correspond to known compounds, and given their low abundance, attempts to identify these compounds were unsuccessful. To quantify the level of PL bound to Ftz-F1, mLRH-1, and mlLRH-1, we performed an assay to detect lipid phosphorous (Fig. 4C ). In line with the mass spectrometry analysis, Ftz-F1 showed almost no PL binding. mLRH-1 shows a diminished ability to bind E. coli PLs versus the human receptors but is on par with the mouse-loop variant of the receptor (23) .
Testing Ligand Regulation-Previous cell-based studies showed that the transcriptional activity of mlLRH-1 ranged from nearly wild-type activity to half of that observed for the human receptor depending on cell type (23) . Co-transfection with coactivators exaggerated this difference (23) . To fully characterize the link between PL binding and receptor activation in this LRH-1 variant, we would ideally compare the coactivator preference and transactivation potential of the apoversus PL-bound form of mlLRH-1 versus hLRH-1. However, we are currently unable to determine or control the levels of apo LRH-1 in mammalian cells. We are also unable to measure the levels or identity of bound endogenous PLs or to determine whether the receptor is fully occupied with exogenously sup- plied DLPC when treated with this lipid. Therefore, we tested the impact of the H6-H7 substitutions on receptor activity in vitro by measuring the ability of either apo or DLPC-bound human and mlLRH-1 LBD to interact with coactivator-and corepressor-derived peptides. Refolded receptor was verified PL-free following chloroform:methanol extraction (Fig. 4C) . Specifically, we monitored the ability of protein variants to recruit coactivator peptides derived from SRC-1, TIF2, PGC-1␣, and corepressor peptides derived from SHP, SMRT, and NCoR ID2 using fluorescence polarization ( Fig. 5 and Table 2 ).
As was observed for hLRH-1, apo mlLRH-1 bound to all corepressor peptides tested. The addition of DLPC prevented association between mlLRH-1 and canonical LXXXIXXX(I/L) containing corepressor-derived peptides. mlLRH-1-DLPC binds much more tightly to TIF than hLRH-1. Surprisingly, although DLPC relieves SHP binding for hLRH-1, the mlLRH-1-DLPC complex binds to SHP in vitro, which may explain why mlLRH-1 was observed to have lower basal activation in cells (23) . These results are in line with the hypothesis that the rodent-specific divergence alters the dynamics of the apo LBD and suggests potential differences in SHP interaction and regulation between mice and humans. These data show that show that DLPC binding alters co-regulator preference for mlLRH and suggests that rodent divergence may have altered, but not ablated, ligand regulation.
mlLRH-1 Is Specifically Stabilized Versus hLRH-1-
The coregulator peptide recruitment data show that apo mlLRH-1 binds with higher affinity than apo hLRH-1 to all coactivators, suggesting that it is better stabilized in the active orientation. To discover the differences in protein dynamics that underlie this enhanced ability to bind coactivators, we performed HDX-MS ( Fig. 5C ), comparing apo mlLRH-1 and apo hLRH-1. As hypothesized, the rodent-specific sequence replacement confers increased protection in the helix 6 -7 region as evidenced by nearly 40% less deuterium exchange in this region. Surprisingly, no protection was observed for the AF-H; rather, the effect of the mouse-loop replacement is to stabilize the alternate activation function region in LRH-1. Previous work showed that mobility in the alternate activation region of LRH-1 is critical to support normal activation (18) .
DISCUSSION
A small number of orphan NRs have acquired the ability to act in a ligand-independent fashion by evolving diverse structural mechanisms to stabilize their overall fold in the absence of ligand (42) . Still more NRs have been crystallized in the absence of ligand despite being ligand-dependent (18, 43, 44) . In fact, hLRH-1 was recently crystallized without ligand, showing unexpected plasticity in the LBP (18) . Despite the fact that crystallization selects for empty receptor, we show that mouse and the mouse-loop variants of LRH-1 bind PLs and that PL binding alters co-regulator selectivity in vitro. The six-amino acid mouse-loop replacement is within the LRH-1 alternate activation function surface and serves to enhance its conformational stability as evidenced by HDX. Thus, rodent LRH-1 tunes its PL sensitivity in vitro by altering receptor dynamics to slightly enhance coactivator and SHP interactions in the absence of ligand. This same sequence difference also confers binding to PGC-1␣-derived peptides in the absence of ligand in vitro, which is contrasted with the PL-dependent binding of PGC-1␣ in hLRH-1. Importantly, the six-amino acid replacement does not over-stabilize the LBP because apo mlLRH-1 retains the ability to interact with canonical corepressors motifs in vitro. It remains unclear how mLRH-1 would coordinate activating PLs such as DLPC. Substitution of Gly-420 to alanine (Glu-440 in mLRH-1) abrogates both PL binding and transactivation (18) . Gly-420 is strictly conserved in all non-rodent LRH-1 orthologs and coordinates the lipid phosphate moiety via H-bonds with its backbone amide (22) . The conformational mobility of this glycine is thought to permit PL interaction, suggesting that the additional rodent-specific substitutions within the alternate activation function region were likely compensatory substitutions to tolerate this drastic G420E change (18) .
It is clear that remarkable plasticity exists in the NR5A fold in regions outside the canonical activation function surface. This is evidenced by the ability of mLRH-1 and mlLRH-1 to effectively close the entrance to the LBP and by the dramatic structural rearrangement observed in dmFtz-F1 to fill the LBP entirely. This structural plasticity is also supported by the observation that binding of synthetic agonists drives an ϳ3 Å constriction of the opening of the LBP versus PL-bound receptor, which is on par with that of the mLRH-1 and mlLRH-1 crystal structures ( Fig. 6) (36) . The ability of synthetic agonists to induce this constriction of the pocket may be a general feature of non-PL activators.
Taken together, these results show how sequence divergence in the NR5A alternate activation function region has differentially tuned the sensitivity of NR5A receptors to PLs. It is pos- FIGURE 5 . Apo mlLRH-1 is more active than WT LRH-1 by enhancing stability in the alternate activation region. Binding affinities for various peptides derived from coactivator and corepressor proteins were expressed as K d Ϯ S.E. A, human and mlLRH-1 LBD bound to DLPC. B, apo human and mlLRH-1 (ml) LBD. C, differential HDX-MS between apo hLRH-1 and apo ml LRH-1 (ml) LBD mapped onto PDB 1YUC. The difference in percentage of deuterium incorporation is indicated by the colored scale bar. Figures were generated in PyMOL. sible that mLRH-1 evolved a tempered PL response as a result of differential co-regulator expression or limited access to activating PLs. Importantly, these data support PL-dependent regulation for mLRH-1, strengthening conclusions generated in previous studies (17, 24) , and support the use of mice as viable models for studying PL-dependent LRH-1 signaling. Future studies focused on the identification and quantification of endogenous ligands and the mechanisms that govern the spatial and temporal access of LRH-1 to PLs are critically needed to understand how PL sensing via NR5A receptors regulates metabolism, lipid flux, steroid synthesis, and immunity.
PL Regulation of NR5A Hormone Receptors
Finally, we show by mass spectrometry and lipid phosphorous assays that dmFtz-F1 is devoid of PLs when expressed and purified from E. coli, supporting the claim that that dmFtz-F1 is a truly constitutive receptor (41) . The selective advantage for PL-independent Ftz-F1 signaling in arthropods is unclear. The NR5A family of NRs arose before the divergence of Placozoans and Eumetazoans from a ligand-activated ancestor (42) . The LRH-1 ortholog in nematodes, nhr-25, was recently shown to bind to long chain phosphatidylinositol phosphates and to directly participate in the control of enzymes required to maintain the cellular lipid pool (45) . The arthropod-nematode split occurred nearly 1 billion years ago (46) , suggesting that PL binding was gained deep in the metazoan lineage and that the constitutive activity of Ftz-F1 was a more recent adaptation in arthropods. Recent examples in marine invertebrates show that losing ligand regulation is possible even in complex systems such as estrogen signaling, which controls diverse gene programs in vertebrate biology (42) . It is possible that Drosophila evolved ligand independence to escape the requirement for spatial/temporal ligand presentation during critical developmental processes driven by this receptor.
Although this in vitro study focuses on the isolated LRH-1 LBD, out of the context of post-translational modifications and co-regulator pools that often dictate activation, these results suggest that flexibility in key regions of the receptor should be taken into account and may be capitalized upon to aid in further drug design efforts for LRH-1. For example, stabilization of the alternate activation function region may be a novel strategy for the design of LRH-1 agonists. Conversely, disruption of this region would represent a novel approach toward antagonist design. 
